Kinetin is used as an elicitor to induce vanillic acid formation in cell suspension cultures of Vanilla planifolia. Maximal induction is observed at a kinetin concentration of 20 micrograms per gram of fresh weight of cells. Vanillic acid synthesis is observed a few hours after elicitation. The effects of kinetin on the activity of some enzymes of the phenylpropanoid pathway, i.e. phenylalanine ammonia-lyase, 4-hydroxycinnamate:coenzyme A ligase and uridine 5'-diphosphate-glucose:trans-cinnamic acid glucosyltransferase, are reported and compared to the effects of chitosan. The former two enzymes are induced by chitosan with a maximum activity of approximately 25 to 40 hours after elicitation. All three enzymes are induced by kinetin with maximum activities for phenylalanine ammonia lyase and 4-hydroxycinnamate: coenzyme A ligase at approximately 50 hours after induction, whereas maximum glucosyltransferase activity is seen already after 24 hours. Furthermore, both elicitors induced the formation of lignin-like material, whereas only kinetin induced vanillic acid biosynthesis. Finally, kinetin but not chitosan induces catechol-40-methyltransferase activity, catalyzing the formation of 4-methoxycinnamic acids, which were shown to be intermediates of hydroxybenzoic acid biosynthesis within cells of V. planffolia.
uridine 5'-diphosphate-glucose:trans-cinnamic acid glucosyltransferase, are reported and compared to the effects of chitosan. The former two enzymes are induced by chitosan with a maximum activity of approximately 25 to 40 hours after elicitation. All three enzymes are induced by kinetin with maximum activities for phenylalanine ammonia lyase and 4-hydroxycinnamate: coenzyme A ligase at approximately 50 hours after induction, whereas maximum glucosyltransferase activity is seen already after 24 hours. Furthermore, both elicitors induced the formation of lignin-like material, whereas only kinetin induced vanillic acid biosynthesis. Finally, kinetin but not chitosan induces catechol-40-methyltransferase activity, catalyzing the formation of 4-methoxycinnamic acids, which were shown to be intermediates of hydroxybenzoic acid biosynthesis within cells of V. planffolia.
It is suggested that this methyltransferase is directly involved in the biosynthesis of vanillic acid.
Cell suspension cultures of Vanilla planifolia Andr. are used in our laboratory for studies on the biosynthetic pathway leading from cinnamic acids to benzoate derivatives (C6-C1 compounds). Under normal growth conditions, the cultured cells do not produce any detectable amounts of such C6-Cl compounds (4) . However, by inhibiting 4CL2, the metabolic flow of phenolics can be shifted from synthesis of lignin precursors to the formation of vanillic acid (5) . Cell cultures Supported by research grants from Danisco Biotechnology, Glostrup, Denmark, and the Swedish Natural Science Research Council. This paper is number IV in a series. The preceding paper was by Funk and Brodelius (6) .
2Abbreviations: 4CL, 4-hydroxycinnamate CoA-ligase; GT, UDPglucose:t-cinnamic acid glucosyltransferase; 3-OMT, catechol-3-0-methyltransferase; 4-OMT, catechol-4-0-methyltransferase; SAM, S-adenosylmethionine; PAL, phenylalanine ammonia-lyase; MS, Murashige-Skoog. of V. planifolia are thus capable of producing benzoate derivatives, and enzymes involved in the synthesis appear to be constitutively present within the cells. Furthermore, 4-methoxycinnamic acids, fed to the culture, are converted to the corresponding 4-hydroxybenzoic acids by the cells, indicating that 4-methoxycinnamic acids are intermediates in the biosynthesis of benzoic acids (6) .
From our previous studies, it is evident that one or more rate-limiting enzymes prevent the synthesis of benzoate derivatives in the Vanilla culture under normal growth conditions. The induction of this (these) enzyme(s) may result in the formation of vanillic acid under normal growth conditions. Therefore, we have now extended our studies to find an elicitor inducing vanillic acid production in cell cultures of V.
The 3-OMT and 4-OMT activities in crude desalted extracts were determined in an assay using 14C-labeled SAM as substrate with subsequent separation of the products ferulic and isoferulic acid by reversed phase HPLC.
Desalted enzyme extracts (125 jiL) were incubated with 10 gmol potassium phosphate (pH 7.5), 1.0 Amol MgC12, 0.5 ,umol caffeic acid, and 50 nmol ['4C]H3-SAM (1.0 Ci/mol) in a total volume of 145 ML. After 30 min, the reaction was stopped by addition of acetic acid (20 ,uL), and an aliquot (20 ,uL) was analyzed by HPLC using the chromatographic system previously described (4) . For detection of the 14C-labeled products a radioactive flow detector (FLO-ONE Beta model IC, Radiomatic Instruments, Tampa, FL) was used under the following conditions: cell size, 0.5 mL; scintillation fluid (Pico-Fluor 40, Packard, Downers Grove, IL) flow rate, 3.5 mL/min; counting time, 6 s.
Extraction and Analysis of Phenolics
Soluble phenolics were extracted from frozen cells and analyzed by reversed phase HPLC as described elsewhere (4) . Preparation of cell walls with subsequent alkaline nitrobenzene oxidation and reversed phase HPLC analysis was carried out as previously described (4) . The identity of the phenolics was confirmed by addition of the parent substance to cell extracts in combination with HPLC analysis and by TLC in two different solvent systems.
Elicitation
Cells were normally elicited on day 6 after subcultivation. For experiments requiring several separate elicitations, stock cultures were pooled and divided into 10-or 20-mL portions. After elicitor was added at appropriate concentrations, the cells were incubated on a gyratory shaker at 270C for an appropriate time before they were harvested.
Chitosan stock solution was prepared as previously described (1). Stock solutions of kinetin and other plant growth regulators were dissolved in 70% ethanol at a concentration of 10 mg/mL.
RESULTS AND DISCUSSION Screening for Elicitors
A number of enzymes of the general phenylpropanoid metabolism are induced in V planifolia cell cultures by treatment with chitosan (4). An increased synthesis of phenylpropanoids is observed, resulting in an enhanced formation of lignin-like material (4) . No benzoate derivatives are produced by these elicited cells.
However, vanillic acid production by the Vanilla culture in substantial amounts may be obtained by addition of a 4CL inhibitor (e.g. 3,4-methylenedioxycinnamic acid) to the growth medium (5) . Consequently, the enzymes required for the conversion of cinnamic acids to benzoic acids appear to be present within the cultivated cells under normal batch cultivation conditions. The metabolic flow of phenolics is, however, directed into synthesis of other metabolites.
An enzyme linking the vanillic acid biosynthetic pathway to the general phenylpropanoid pathway is of particular interest. Induction of this key enzyme will most likely result in a shift of the metabolic flow and the formation of significant amounts of vanillic acid.
A number of substances (various carbohydrates, hydrolytic enzymes, and plant growth regulators) were tested for their ability to induce the biosynthesis of vanillic acid in cultures of V. planifolia (Table I ). Of the substances tested, kinetin was the only one that induced a significant formation of vanillic acid. A concentration dependence was observed as shown in Figure 1 . Treatment of the cells with 20 ,ug kinetin planifolia treated with kinetin. Kinetin (33 ug/g fresh weight) was added to the culture on day 6 after subcultivation.
is shown in Figure 3A . This medium promotes the formation of soluble phenolics, and biosynthesis of lignin-like material is limited (4) . The stationary phase is reached 8 d after subcultivation (Fig. 3A) . At this stage, the dry weight is approximately 18 g/L. Essentially, all the carbohydrate of the medium has been consumed at this time.
Enzymes of Phenylpropanoid Metabolism Three enzymes of phenylpropanoid metabolism, i.e. PAL, 4CL, and GT, have been studied, and their specific activities during a subcultivation cycle is depicted in Figure 3B . These enzymes were selected for the following reasons. PAL is the key enzyme linking phenylpropanoid metabolism to primary metabolism. Thus, it is involved in both lignin and vanillic acid biosynthesis. 4CL is important for the biosynthesis of lignin precursors from 4-hydroxycinnamic acids, and GT may be an enzyme associated with biosynthesis of benzoic acids (6) . This enzyme exhibits high activity toward 4-methoxylated cinnamic acids, whereas 4-hydroxycinnamic acids are glycosylated at a low rate.
The metabolic flow into the phenylpropanoid pathway is, in principle, regulated by PAL activity. During the logarithmic and linear growth stages, the activity of this enzyme is <4 pkat/mg protein, whereas an increased specific activity is observed (up to 8 pkat/mg protein) during the stationary growth stage (Fig. 3B) , resulting in increased synthesis of soluble phenolics.
The 4CL activity is relatively constant throughout the cultivation cycle (Fig. 3B) . However, the specific activity (approximately 10 pkat/mg protein) is higher than that of PAL, and, therefore, it appears that this enzyme does not restrict the flow of phenolic metabolites.
Finally, GT is slightly induced by the subcultivation procedure used (Fig. 3B) . During the stationary phase, the specific Figure 3C . At the time of subcultivation of cells in the stationary growth phase, significant amounts of 4-coumaric and sinapic acid are isolated from the cells. The concentration of these acids decline as the biomass increases during cell growth. During the stationary growth phase, the PAL activity is increasing (Fig. 3B ), leading to synthesis of phenylpropanoids. 4-Coumaric and sinapic acid are again accumulated within the cells. The concentration ofconiferyl alcohol, a precursor oflignin biosynthesis, is relatively low throughout the subcultivation cycle. This low level is most likely not due to metabolism of the alcohol but rather to the fact that lignin biosynthesis is shut off. This is reflected by the observation that essentially no lignin-like materials are produced. Only trace amounts of syringaldehyde (0.16 mg/g dry weight) could be isolated from cell walls after oxidative hydrolysis.
Elicitation of Vanilla Cells
Cells of V. planifolia were elicited on day 6 after subcultivation with chitosan (2.6 mg/g cells) or kinetin (33 ,ug/g cells).
The same parameters were investigated in these elicitation experiments as those above for cells under normal growth conditions.
Cell Growth
Growth of cells treated with chitosan ceased after addition of the elicitor, whereas cells treated with kinetin grew almost to the same extent as nontreated cells (data not shown). A similar behavior following chitosan induction has been observed in suspension cultured cells ofEschscholtzia californica (2). Restricted growth of cells has also been reported upon elicitation with other biotic elicitors (3, 7, 9) .
Enzymes of Phenylpropanoid Metabolism
The effects of the two elicitors on the activity of PAL, 4CL, and GT are shown in Figure 4 . Both elicitors induce PAL to essentially the same extent, i.e. approximately 20-fold (Fig. 4,  top) . The time course of PAL induction is, however, different for the two inducers. In the chitosan-treated cells, maximum PAL-activity (55 pkat/mg protein) is observed 40 h after induction, whereas in kinetin-treated cells, maximum PAL activity (50 pkat/mg protein) is measured 50 h after addition of the elicitor.
The time course of 4CL induction is even more different (Fig. 4, middle) . Chitosan-induced cells show maximum 4CL activity (69 pkat/mg protein) already after 24 h, whereas the highest 4CL activity in kinetin-induced cells (71 pkat/mg protein) is obtained after 50 h. Both elicitors induce 4CL approximately sixfold.
Only kinetin appeared to induce GT within the Vanilla cells to any great extent (Fig. 4, bottom) . A fourfold induction is seen, and maximum GT activity (62 pkat/mg protein) is observed 24 h after addition of kinetin. It is interesting to note that GT is only induced by kinetin, the elicitor capable of inducing vanillic acid formation in the cells. This enzyme is induced more rapidly by kinetin than the enzymes of the general phenylpropanoid pathway, i.e. PAL and 4CL.
Product Formation
As shown above, two soluble intracellular phenolic compounds, 4-coumaric and sinapic acid, may be extracted from cultivated cells of V. planifolia (cf. Fig. 3C ). Approximately 20 h after elicitation with chitosan, the concentration of these acids started to decrease as shown in Figure 5A . This decline is concurrent with the induction of 4CL, which is maximal at this time (cf Fig. 4B ). 4CL favors the metabolic flow into lignin biosynthesis.
In the case of induction with kinetin, the decrease in 4-coumaric acid occurred after 40 h, which is also correlated with the induced 4CL (maximum after 50 h; cf Fig. 4B ) as shown in Figure 5B . Unfortunately, we were unable to follow the changes in sinapic acid concentration because of the interference of an unidentified substance in the HPLC analy- sis ofthe extracted phenolics. The biosynthesis ofvanillic acid was induced rapidly by the kinetin treatment (Fig. 5B) . It is evident that a major part ofthe induced vanillic acid is formed during the first hours after elicitation. Furthermore, the induction pattern observed indicates that none of the three enzymes measured (Fig. 4) can be regarded as a key enzyme in the biosynthesis of vanillic acid. The formation of lignin-like material after elicitation with chitosan or kinetin has also been investigated. In chitosantreated cells the formation of lignin-like material started 20 h after elicitation as shown in Figure 5C . As discussed above, a high 4CL activity is present in the cells at this time, and the amount of soluble phenolics start to decline. Obviously, the 4-coumaric acid and sinapic acid are incorporated into insoluble lignin-like material. Also in kinetin-treated cells, synthesis of lignin-like material is observed. In these cells, incorporation of soluble phenolics into polymeric material starts at a much later stage, i.e. 40 h after elicitation (Fig. 5C ). This time difference observed for onset of lignification is reflected by the different time course of induction of 4CL by the two elicitors (cf Fig. 4B ).
The composition of the lignin-like material is essentially 
Specific Induction of 4-OMT
In preliminary experiments, we observed the induction of an O-methyltransferase specific for the 4-hydroxy group of caffeic acid (i.e. 4-OMT). The specific activity of this enzyme is increased from 0.08 to 0.8 pkat/mg protein within 2 h after kinetin treatment. The induction is intermittent, and after 24 h the basic activity is regained. Chitosan is ineffective in inducing 4-OMT. The activity of 3-OMT, an enzyme specific for the 3-hydroxy group of caffeic acid, is not affected by kinetin or chitosan treatments. Consequently, 4-OMT is specifically induced by kinetin in cell cultures of V. planifolia.
The specific activity of 3-OMT is relatively high (i. (8, 11) . As an example, the induction of flavonoids and furanocoumarins in cells of Petersilium hortense by UV light and fungal elicitors, respectively, may be mentioned (8) .
Furthermore, a good correlation in time course of 4CL induction (Fig. 4, middle) , soluble phenolics consumption (Fig. 5, A and B) , and onset of lignin-like material formation (Fig. 5C) 
